Eph receptor tyrosine kinases and their ephrin ligands are involved in some of the most important steps during the development of the central nervous system, including cell migration, axon guidance, topographic mapping and synapse formation. Moreover, in the adult, they have been implicated in plasticity and regulation of neural stem cell function. One member of the Eph family, EphA4, can bind to both classes of ephrins and may have multiple functions in nervous system development. In order to look for potential sites of EphA4 action during central nervous system development, we conducted a spatio-temporal analysis of EphA4 protein expression. We used immunohistochemistry in preference to in situ hybridization because of the high likelihood that EphA4 protein is expressed on axon tracts, long distances from EphA4 mRNA. In the telencephalon, EphA4 was expressed in the developing cortex from embryonic day 11 (E11) and, later, on major cortical tracts including the corpus callosum and cortico-spinal tract. Robust EphA4 expression was also found in the hippocampus and fornix, and cells and tracts in the striatum. In the diencephalon, the thalamus, the hypothalamus and thalamo-cortical projection were strongly positive. In the mesencephalon, a number of different nuclei were weakly positive, most prominently the red nucleus. In the rhombencephalon, many nuclei were strongly positive including the cerebellum and one of its afferent paths, the inferior cerebellar peduncle, as well as the olivary region. In the spinal cord, there was a dynamic pattern of expression through development, with persistent expression in the dorsal funiculus and ventral grey matter. q
Results and discussion
In the developing nervous system, the family of the Eph tyrosine kinase receptors and their ligands, the ephrins, have been implicated in processes such as cell migration, axon guidance, topographic mapping, proliferation, and synapse formation and stabilization (reviewed by O' Leary and Wilkinson, 1999; Wilkinson, 2001) . One member of the Eph family, EphA4, binds to multiple ligands in vitro and thus may form functional complexes with these ligands in vivo (Gale et al., 1996) . Mice deficient in EphA4 display a number of behavioral phenotypes including hesitation in initiating movement, a synchronous hindlimb gait, and placing deficits of the hind limbs (Dottori et al., 1998) and defects in the anterior commissure and corticospinal tract (Dottori et al., 1998; Kullander et al., 2001 ). In addition, there may be many other functions for EphA4, which have not yet been discerned in the mutant studies. Many of the Ephs may have overlapping or shared functions with other Ephs, and thus the phenotype of the single gene deletion for EphA4 may not inform us of all possible functions for this molecule. Expression analysis will help to indicate areas where this protein may function. To date expression analysis has been mainly by in situ hybridization and of a limited scope in the nervous system (Nieto et al., 1992; Mori et al., 1995; Gale et al., 1996; Conover et al., 2000; Vanderhaeghen et al., 2000; Karam et al., 2002) . In particular, the major axon tracts, brain nuclei and other brain structures, which express EphA4 during development, have not been determined.
To study the distribution of EphA4 protein during mouse development, we used a polyclonal antiserum specific to the intracellular region of EphA4 (Irving et al., 1996) . In order to confirm the specificity of this antiserum we stained brain sections of EphA4 deficient mice, where the staining was completely abolished (data not shown). We also compared the protein expression pattern with the labelling pattern obtained using in situ hybridization with an EphA4 specific riboprobe (Coonan et al., 2001; Mori et al., 1995) as well as www.elsevier.com/locate/modo with immunohistochemistry using a different antiserum specific to chicken EphA4 (Cek8, Soans et al., 1994) . All cells, which were positive by in situ hybridization, were also immunolabelled by both antibodies (data not shown). In addition, the immunostaining detected very significant expression in axon tracts. Sagittal, coronal and horizontal sections of mouse brain, and coronal sections of spinal cord from embryonic day 11 (E11) through to postnatal day 6 (P6) were immunolabelled with the EphA4 specific antisera. This developmental period encompasses stages of neural differentiation and migration, the growth of axonal and dendritic processes and early synapse formation.
Initial analysis of EphA4 expression at low resolution ( Fig. 1) showed widespread distribution early in central nervous system (CNS) development. From E11 to 13.5, staining was detectable in the entire CNS (telencephalon, diencephalon, rhombencephalon and spinal cord, Fig.   1A ,B). The strongest staining at E11 was in the pontine flexure in the hindbrain. The segmental expression in the rhombomeres at E8-9 (Nieto et al., 1992) was no longer visible. Expression was also detected in cranio-facial regions (Fig. 1A,B) . As development proceeded, expression became much more restricted and at E15.5 was mainly in the telencephalon (Fig. 1C) . By E17.5, in addition to the telencephalon, significant expression was found in the rhombencephalon (Fig. 1D) . At postnatal times, strongest expression was again in structures derived from the telencephelon, including a major tract, the internal capsule (Fig.  1E,F) , which projects mainly from the telencephalon. In addition there was discrete expression in the major rhombencephalic structure, the cerebellum. We now present results in detail of expression within the major cephalic expansions of the CNS and spinal cord, and derived structures. 1.1. The telencephalon 1.1.1. Cortex and efferent/afferent pathways At E11 in the telencephalon, staining was detected around the neuroepithelial cells ( Fig. 2A) . Staining was strongest in cells in the outermost pial area, which becomes the preplate. By E13.5, there was more restricted expression in the cerebral wall, which was mainly in the ventricular layer and the preplate (Fig. 2B) .
With the formation of layers in the cortex, the EphA4 expression pattern becomes increasingly complex. At E15.5, strong staining was detected in the marginal zone, intermediate zone and ventricular zone (Fig. 2C ). In the intermediate zone, a tangentially striated pattern became evident, which probably represents early EphA4 positive afferents from the thalamus (Molnar and Blakemore, 1995, and see below) . Staining was also present in the cortical plate on radial processes extending across this area.
At birth, EphA4 staining was confined to the inner two thirds of the cortex, where layers V and VI and cortical white matter have formed (Fig. 2D) . By P2, strong staining in outer cortical layers III and IV was evident (Fig. 2E) . Interestingly, staining of this layer was confined to the medio-lateral region of the cortex. At P4, cortical EphA4 staining in general became weaker, however, the strongly stained area in the outer layer of the medio-lateral cortex remained (Fig. 2F) . The same pattern remained in the cortex at P6, although it was much weaker (not shown).
A number of axon tracts, which emanate from either the cortex or the thalamus were also EphA4 positive. In addition to the thalamo-cortical projection, the developing corpus callosum (Fig. 2G,H) , internal capsule and cerebral peduncle were also positive (Fig. 1E,F) . All of these tracts were strongly EphA4 positive from E17.5 until at least P6. There was an interesting differential expression of EphA4 within different parts of the corpus callosum. In rostral regions, the entire corpus callosum was EphA4 positive (Fig. 2G ) whereas more caudally (around the hippocampal commissure) EphA4 was restricted to the most dorsal part of the corpus callosum (Fig. 2H) . The corpus callosum is derived from cell bodies in the deep layers of the cortex which project contralaterally.
Basal ganglia
The striatum including its neuroepithelium was strongly EphA4-positive from as early as E13.5 and remained so until at least P6 (Fig. 1B-F) . Strongest staining was present in discrete fiber bundles (Figs. 2I,J and 1E,F) . Staining of sections with SYTO16, which detects cellular nuclei shows that those regions of high cell density in the striatum were only weakly EphA4 positive (compare Fig. 2I,I 0 ). In the rat, Janis et al. (1999) observed a mosaic pattern of EphA4 mRNA expression in the striatum. This pattern may have been due to the mosaic distribution of cell bodies in the striatum, mixed with axon tracts. Indeed, the EphA4 staining in our study looks more homogenous, since the antibody localizes EphA4 protein in both cell bodies and axon bundles. The anterior commissure, a major forebrain tract which is disrupted in EphA4 mutant animals (Dottori et al., 1998) , was only very faintly positive. However, within the striatum, EphA4 positive cells surrounded the anterior commissure (Fig. 2I,K) . This tract is reported to contain EphA4-ligand positive axons (Kullander et al., 2001 ).
There was also weak staining in the globus pallidus throughout this developmental period (Table 1 ).
Hippocampus
The hippocampal formation was positive from as early as E13.5 (Figs. 1B and 2L) , and from E15.5 there was strong expression in a continuous line from the developing cortex (Fig. 1C-F) . By P2 the hippocampal commissure, CA3 region, dentate gyrus and fimbria could be clearly distinguished and were all positive (Figs. 1E and 2F,H) . EphA4 expression was maintained until at least P6, although the staining intensity decreased (Fig. 2H ).
The diencephalon
In the diencephalon, staining was present in the early thalamus at E13.5 (Fig. 2L) , which was maintained postnatally. This is consistent with in situ hybridization analysis, which shows continued EphA4 mRNA expression during development of the dorsal and medial thalamic nuclei in rodents (Mackarehtschian et al., 1999; Vanderhaeghen et al., 2000) . There was also clear staining of the growing thalamo-cortical projection (Fig. 2M) . Under high power, strongly labelled growth cone shaped varicosities were visible at the front of this tract (Fig. 2N) , which might represent EphA4 expressing growth cones.
From E15.5, there was discrete expression in the ventral diencephalon. Staining was strongest in the infundibulum, which represents the anlage of the posterior pituitary, and in the neuroepithelium of the posterior wall of the diencephalon, which gives rise to the posterior hypothalamus (Fig.  2O) . Staining persisted in the posterior pituitary up to P2 (not shown). The anterior pituitary and its anlage, the Rathke's pouch, were EphA4 negative (Fig. 2O ).
The mesencephalon
Generally, there was little expression in the mesencephalon. The most significant staining was in developing superior colliculus and red nucleus, which began as early as E11 and was maintained until P6 (Table 1 ).
The rhombencephalon 1.4.1. Cerebellum
The cerebellar anlage starts to express EphA4 from E15.5. Expression was confined to a dorsal patch visible in sagittal sections (Fig. 1C) . At E17.5, expression became more widespread, with distinct boundaries between EphA4 positive and negative regions (Fig. 3A) . Staining was present on some, but not all, of the developing cerebellar lobules. By birth, the lobules have developed and EphA4 expression was maintained in the same areas as at E17.5 (Fig. 3B) . Staining was confined to the Purkinje cell layer, which at this developmental stage is several cell layers deep. Between P2 and P6, the EphA4 expression pattern remained very similar and outlined the Purkinje cell layer, which is now only one cell thick (Fig. 3C) . Staining was confined to certain lobules or between lobules, with sharp boundaries between positive and negative expressing areas. Other studies have investigated the expression of Eph family members in the mouse showing compartmentalized expression of other Eph receptors and ligands, EphA4 showing the most widespread expression (Rogers et al., 1999; Karam et al., 2002) . Expression was also visible in the region of the cerebellar nuclei from E17.5 (Fig. 3A-C) . Further, a major afferent connection to the cerebellum, the inferior cerebellar peduncle, was clearly positive from E15 (Fig. 3D) through to postnatal ages. This tract originates in several different regions of the CNS including the spinal cord, inferior olive and vestibular system. In our analyses of EphA4 mutant mice, we have detected a distinct loss of balance (unpublished observations), which may be due to alterations in connectivity within the cerebellum and its afferent connections.
The trigeminal system and whisker buds
From E15.5, strong EphA4 staining was found both in the principle sensory trigeminal nucleus and the spinal trigem- inal nucleus (Fig. 3D ) which persisted, although less intensely, until P6. The sensory trigeminal ganglion and its nerve project around these EphA4 positive structures. The primary sensory input for the trigeminal ganglion includes the facial whiskers. From E15.5 EphA4 expression was also detected in the whisker buds: in the vibrissal shaft, and in a circular structure around it, putatively the developing vibrissal capsule (Fig. 3E ). EphA4 staining was also found in the distal vibrissal nerves (Fig. 3E) , which originate in the trigeminal ganglion, but was not found proximally or within this ganglion (not shown).
Cochlea
At all developmental stages, EphA4 staining was found in the developing inner ear, initially in the otic vesicle (E11, data not shown), and at later embryonic and postnatal stages, in the cochlea. At E17.5, EphA4 staining was present within the cochlea in the periotic mesenchyme, in locations of future scala vestibuli and scala tympani (Fig. 3F) . Staining of the same sections with an antibody specific to a neurofilament detects neurons in the developing spiral ganglion of the cochlear and shows that these neurons are directly adjacent to a region of EphA4 staining (Fig. 3F 0 ).
The ganglion cells themselves are EphA4 negative.
The spinal cord
In the E11 spinal cord, EphA4 expression was present in all regions with a slight increase in the medio-lateral regions (Fig. 4A) . Moreover, the ventricular zone (arrowheads) of the spinal cord showed strong staining (Fig. 4A) . By E13.5, strong staining was observed in the medial and ventral spinal cord gray matter, with high intensity labelling in the ventral horns, including the motor neurons (Fig. 4B) . Defects in the projections of these motor neurons have been observed in some EphA4 mutants (Helmbacher et al., 2000; Eberhart et al., 2002) . Staining was also present in presumptive ventral white matter (Fig. 4B) . In dorsal areas, expression had shifted to medial regions. From E15.5 to P6, the EphA4 staining pattern remained essentially the same in the spinal cord. EphA4 immunoreactivity was found in the intermediate zone and the ventral horns (Fig. 4C) . There was no EphA4 expression in the dorsal horns, which are strongly stained with SYTO16 (Fig. 4C  0 ) . In the white matter the strong staining was found in the dorsal funiculus, the region where the cortico-spinal tract (CST) descends. The CST is disrupted in this region of the spinal cord in EphA4 mutant mice (Dottori et al., 1998; Coonan et al., 2001) . Staining was also seen in the ventral funiculus (Fig. 4C) , where the uncrossed portion of the CST descends postnatally. The ventral and lateral white matter columns were also strongly stained. EphA4 expression was similar at all levels of the spinal cord. Expression persists through the development of the CST as described in Coonan et al. (2001) .
Experimental procedures
Female C57BL/6 mice were mated overnight and pregnancy was confirmed by the presence of a vaginal plug in the morning, which was designated E0. The first 24 h after birth was designated P0. Cryostat sections of unfixed embryonic (E11, E13.5, E15.5, E17.5) and neonatal tissue (P0, P2, P4, P6) were fixed in ice-cold acetone or methanol respectively. The EphA4 specific antiserum was kindly donated by David Wilkinson (Mill Hill, UK). The antineurofilament antibody (3A10) was kindly donated by Toshiya Yamada (Brisbane, Australia). Immunohistochemistry using Alexa fluor-coupled secondary antibodies was carried out as detailed in Coonan et al. (2001) . Fluorescent nuclear counterstaining was done with SYTO16 (Molecular Probes, OR, USA).
Tissue sections were viewed using a Zeiss Axioskop fluorescent microscope. Images were obtained using an ImagePoint cooled CCD camera (Photometrics Ltd., Tucson, AZ, USA) and V for Windows imaging software (Digital Optics Ltd., Auckland, New Zealand). Plates were constructed using Corel PhotoPaint and Draw software (Corel Corp., Dublin, Ireland) .
